The kinetics of accumulation of early virus RNA in the cytoplasm of KB cells infected at 40.5°C by wild-type (WT) adenovirus type 5 and a temperaturesensitive "early" mutant, H5ts125 (tsl25), were compared by hybridization of unlabeled RNA in solution to the 3H-labeled I strand of Ad5 DNA HindIII restriction endonuclease fragment A. In the presence of 1-/3-D-arabinofuranosylcytosine, Al RNA accumulated in WT-infected cells for 9 h and then decreased in concentration to 6% of the 9-h concentration by 18 h. In tsl25-infected cells, Al RNA accumulated for 12 h and then remained at the same concentration for at least 6 h thereafter. The concentrations of virus RNA from the four early transcription regions of the genome were measured at 15 h in cells infected at 40.5°C in the presence of 1-fl-D-arabinofuranosylcytosine by: (i) ts125 and WT;
restriction endonuclease fragment A. In the presence of 1-/3-D-arabinofuranosylcytosine, Al RNA accumulated in WT-infected cells for 9 h and then decreased in concentration to 6% of the 9-h concentration by 18 h. In tsl25-infected cells, Al RNA accumulated for 12 h and then remained at the same concentration for at least 6 h thereafter. The concentrations of virus RNA from the four early transcription regions of the genome were measured at 15 h in cells infected at 40 .5°C in the presence of 1-fl-D-arabinofuranosylcytosine by: (i) ts125 and WT;
(ii) two other ts early mutants, ts107 and ts149; and (iii) a revertant of ts125. The revertant and ts149, a mutant from a different complementation group than ts125, both accumulated all early virus cytoplasmic RNA species in amounts similar to, or less than, WT. However, both ts125 and tslO7, independently isolated mutations in the 72,000-molecular-weight (72K) DNA-binding protein gene, accumulated cytoplasmic early RNA in excess of that found in WT infection. This pattern of RNA accumulation with the mutants and WT virus was the same in the nuclei as in the cytoplasm at 40.5°C. At 32°C, however, the abundance of nuclear virus RNA from all four early regions was the same in cells infected by either ts125 or WT. Differences in the relative abundance of nuclear RNA from the four early regions were observed in cells infected at 40.5 and 32°C, but were not dependent upon the infecting virus genotype. These results are consistent with autoregulation of early gene expression by the 72K protein and support the hypothesis that the 72K protein either decreases the rate of early virus transcription or increases the rate of virus RNA degradation in the nucleus.
Early in lytic infection, adenovirus type 5 (Ad5) gene expression gives rise to cytoplasmic mRNA from four separate regions of the genome (Fig. 1 John's University, Jamaica, NY 11439. scripts (21, 22, 26) , most of which are initiated at different promoters than early RNA (11) . Although the extent of late transcription initiated at early promoters is now known precisely, some early RNA is much less abundant in the nuclei and cytoplasm at late times than late RNA (14, 21) . Thus, it is possible that regulatory mechanisms at late times both restrict transcription of early genes and promote transcription of late genes.
Temperature-sensitive (ts) mutants of Ad5 have been isolated in two early complementation groups (10, 16, 29) . Mutants in one group, represented by ts125 and tslO7 (formerly called ts307), have a defective 72,000-dalton (72K) single-stranded DNA-binding protein (19, 27, 28) and map near the middle of the genome (20 (5) . The extent ofAd5 genetic sequences present in cytoplasmic RNA is indicated by solid arrows, which also indicate relative direction of transcription (5, 12) . Dashed extensions of the arrows represent additional sequences present in nuclear RNA (3, 4, 8, 11) . The approximate map locations of the early mutations ts149, tsl25, and tslO7 are shown by brackets and were determined by genetic (29) and biochemical (20) means.
(WT) (16) , and this effect is only observed reproducibly at a restrictive temperature (H. S. Ginsberg, personal communication). The other group, which includes ts149 and ts36, maps in the left quarter of the genome (29; Fig. 1 ). Members of both groups are unable to initiate virus DNA replication at restrictive temperatures (16, 17, 28) , and under these conditions ts125, ts149, and ts36 synthesize only early virus RNA (2, 6) .
In the first paper of this series, we reported that KB cells infected at 40.5°C by ts125 contained more early virus mRNA in their cytoplasm than cells infected by WT Ad5 (5). This appears to be analogous to the situation that occurs with ts mutants of simian virus 40 gene A, which are thought to synthesize a T-antigen that is unable to regulate transcription of simian virus 40 early genes normally (1, 24 [10] ) and had a ratio of plaquing efficiencies at 38.5 and 32°C equal to WT Ad5.
Infections. In all experiments, cells from a single pool were subdivided into as many portions as necessary and infected with 100 PFU of each virus stock per cell. Stocks of different virus strains were frozen and stored at -70°C, and a portion of each stock to be used was thawed just before infection. Ara-C was added to all cultures (25,Lg/ml) at 1 h and again at 12 h after infection to prevent virus DNA replication by WT and to control for possible effects of the drug on early RNA metabolism by the mutants.
Cell fractionation. Infected cells were harvested and cytoplasm was prepared by Nonidet P-40 treatment in isotonic buffer as previously described (5). The pellet obtained after low-speed centrifugation of Nonidet P-40-treated cell suspension was used to prepare nuclei by two methods. (i) The pellet was washed twice by resuspension in 10 mM Tris-chloride (pH 7.6), 10 mM NaCl, 1.5 mM MgCl2, 0.5% sodium deoxycholate, and 0.5% Nonidet P-40 and centrifugation at 250 x g for 10 min at 0°C (7). (ii) The pellet was resuspended in 10 mM Tris-chloride (pH 7.6), 0.14 M NaCl, 1.5 mM MgCl2, and 0.2% sodium deoxycholate and centrifuged through a cushion of 25% glycerol containing 10 mM Tris-chloride (pH 7.9), 1 mM EDTA, and 5 mM MgCl2 at 00C at 250 x g for 10 min.
Nuclear pellets from both procedures were.examined by phase-contrast microscopy and found to be largely free of visible cytoplasmic contamination.
RNA purification. Cytoplasmic RNA was extracted with phenol, chloroform, and isoamyl alcohol as previously described (5) . Nuclei were resuspended in 20 mM sodium acetate (pH 5.5) , lysed by addition of sodium dodecyl sulfate to 0.5%, and extracted with hot phenol (21, 25) . The aqueous phase was precipitated with ethanol after the hot phenol extractions, treated with DNase, sodium dodecyl sulfate, and Pronase and then reextracted with phenol, chloroform, and isoamyl alcohol in the same way as cytoplasmic RNA (5).
RNA-DNA hybridization. Hybridization kinetic analysis was carried out as previously described with separated strands of HindIII restriction endonuclease fragments of 3H-labeled Ad5 DNA (5 28, 1978 on October 12, 2017 by guest http://jvi.asm.org/ into equal parts and infected with ts125 or WT at 40.5°C. Ara-C was added to both cultures 1 and 12 h after infection, and portions of each culture were harvested at indicated times. Cytoplasmic RNA was prepared and hybridized in solution to the 1 strand of 3H-labeled HindIII restriction endonuclease fragment A, which encodes the early virus RNA for the 72K polypeptide (5, 12, 20) . Abundances were calculated from the kinetics of hybridization, by determining the slope of the least-square fit of Co/C versus Crt, where Co is the total concetration of [3H]DNA, C is the concentration of DNA remaining single stranded at time t, and Cr is the total RNA concentration. The validity and limitations of this method have been discussed previously (5) . Here, we use the term "abundance" to denote the slope of the hybridization kinetics, plotted in the above manner, and "relative abundance" to denote a comparison of the abundance of different RNA sequences in the same preparation. The abundance of A, RNA increased in a similar manner for both WT-and tsl25-infected cells during the first 9 h of infection; thereafter, the amount of virus RNA in WTinfected cells decreased steadily, whereas the amount of virus RNA remained constant in cells infected by ts125 (Fig. 2) . By 15 (16, 17) , and ts149 is in a different complementation group (10) . KB cells were infected in parallel by the mutants, WT, and R7 at 40.50C. Ara-C was added to all cultures at 1 and 12 h after infection, and the cells were harvested at 15 h. Cytoplasmic RNA from each culture was hybridized in solution to each of four separated strands of 3H-labeled HindIII restriction endonuclease Ad5 DNA fragments: Al, Br, Fl, and Gr. These probes contain the genetic sequences that encode the majority of early virus RNA (5; Fig. 1 washing in hypotonic buffer (experiment 3). Figure 3B shows the kinetics of hybridization of nuclear RNA to A, DNA and the calculated abundance of virus nuclear RNA from each early region is shown in Table 2 . As with cytoplasmic RNA at 40.5°C, all nuclear virus RNA was present in greater amounts in cells infected by either ts125 or tslO7 than in cells infected by ts149 or WT. A difference was consistently observed in the relative amounts of virus RNA from the four regions in nuclei compared to cytoplasm. Regardless of the infecting virus genotype, the ratio of Al RNA to Br, F1, and Gr RNA in the nuclei was generally about 1/10 of that found in cytoplasmic RNA.
At 320C, the amount of virus nuclear RNA from each of the four early regions was not significantly different in cells infected for 24 h by ts125 compared with cells infected by WT (Table 3) . In this experiment, ara-C was added at 1 h and again at 12 h after infection to both cultures. As with cytoplasmic RNA at 40.5°C (5), the concentrations of nuclear RNA from each region relative to total nuclear RNA (the slopes of the hybridization curves) were greater at 32 than at 40.5°C.
When the total percentage of each DNA fragment hybridized was determined by kinetic analysis (5) and by hybridization for 24 (Fig. 2) . We reported previously that the rate of synthesis of the 72K protein, an early gene product from the Al region, increased continuously in tsl25-infected cells relative to its rate of synthesis in WT infection at 40.5°C (5) . It therefore appears that this pattern of synthesis reflected changes in the relative concentrations of virus mRNA at different times after infection. Assuming that the structure of A, RNA is not altered by the mutation in ts125 in such a way as to increase its chemical stability, then the difference between A, RNA abundance in WT and ts125-infected cells after 9 h must result from the absence of a regulatory mechanism governing virus production in the mutant. The maintenance of a high level of early virus RNA at a restrictive temperature is a specific property of mutants in the gene for the 72K protein. Neither a revertant of ts125 nor another ts early mutant in a different complementation group (tsl49) accumulated more cytoplasmic virus RNA than WT at a time after infection when the amount of ts125 RNA was three to six times that of WT RNA. On the other hand, another ts mutant in the 72K protein gene, tslO7, gave rise to amounts of early virus cytoplasmic RNA similar to tsl25 at 15 h after infection (Table 1) RNA was increased, relative to Gr and F1 RNA. These changes may reflect a differential effect of temperature on the processing, degradation, or transport of different virus nuclear RNA species. Nuclear RNA also saturated a greater percentage of Al DNA than cytoplasmic RNA. This difference was not dependent on the temperature or the virus genotype and is consistent with the existence of a much longer primary transcript from this region of adenovirus DNA (3, 4, 8, 11) .
The fact that the differences in abundance of early RNA in the nuclei of cells infected by the mutants paralleled differences in cytoplasmic RNA abundance indicates that transport of nuclear RNA to the cytoplasm is not affected by ts mutations ts125 and ts107. Mutations in the 72K protein gene must therefore increase the rate of transcription or decrease the rate of degradation of virus RNA in the nucleus at restrictive temperatures. Results of experiments with isolated nuclei support an effect on transcription and are the subject of a separate communication (Blanton and Carter, manuscript in preparation).
In abortive or semipermissive infection of rodent cells by human adenoviruses, little or no virus DNA replication ensues (9) , and in abortive infection, only early genes are expressed (23) . This situation is analogous to infection of KB cells by ts mutants of the 72K protein at a restrictive temperature. In abortive infection a small proportion of cells becomes transformed (15) , and the absence of a functional 72K protein correlates positively with increased transformation frequency (16) . If the 72K protein also modulates early gene expression in rodent cells, then the absence of functional 72K protein at restrictive temperatures in cells infected by ts125 or ts107 could prolong the expression of early virus genes, the product or products of which are necessary for oncogenic transformation (13, 18) .
